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Abstract Results of detailed experimental studies carried

out to investigate the resistance of coir geotextiles modified

using cashew nut shell liquid (CNSL) to attack of biolog-

ical organisms are reported. A mixed spore suspension

composed of four fungal stains, Chaetomium indicum,

Curvularia lunata, Aspergillus fumigatus and Penicillium

rubrum was used to study microbial susceptibility of coir

geotextiles in humid warm atmosphere. Soil burial studies

were carried out under controlled conditions for a period of

240 days to learn the behaviour of geotextiles in contact

with specially prepared soil containing a variety of

microorganisms. A field study was carried out to investi-

gate the behaviour of coir geotextiles in subterranean ter-

mite mounds. The improved properties of modified coir

geotextiles were substantiated on the basis of weight loss,

moisture absorption, tensile strength and surface mor-

phology. The results show that biological resistance of coir

geotextiles was greatly improved by modification with

CNSL. Tensile strength of unmodified samples reduced to

19 % whereas modified geotextiles retained 76 % of the

initial tensile strength at the end of 240 days of soil burial.

SEM images affirm that modification of coir with CNSL

obtained in the present work could close the pores on fibre

surface and delay biological degradation considerably.

Keywords Natural fibres � Modification � CNSL � Coir �

Biodegradation � Termite resistance

Introduction

Natural fibres are porous in general, and show inherent

affinity to water due to the hydrophilic groups associated

with the structure [1]. Association of natural fibres with

moisture results in swelling of fibres leading to weakening

of cell wall, thus providing easy access to microbial attack.

Micro-organisms contain specific enzyme systems which

can hydrolyze carbohydrate polymers in fibres to digestible

units [2]. Coir being cellulosic is susceptible to degradation

by micro and macro-organisms. Causative micro-organ-

isms for degradation of lignin and cellulose in natural fibres

include bacteria and fungi [3, 4]. Lignocellulosic decom-

position is primarily governed by fungi while bacteria

perform the role of secondary scavengers [5]. Under moist

environment, fungi are reported to be highly efficient in

degrading natural fibres [6]. Interaction of lignocellulosic

fibres with microbes follows a degradation pathway con-

sisting of enzymatic oxidation, reduction and hydrolysis

[7].

A biologically active media at optimum moisture level

is capable of quick degradation of lignocellulosic fibres.

Biodegradability of natural fibres limits their use from long

term applications. When geotextiles made out of natural

materials such as coir are used in combination with soil,

various factors such as type of soil, type of vegetation,

organic content, water content, climatic conditions, rainfall

and slope of terrain determine their durability [8, 9].

Detailed conclusive reports on biological degradation of

natural geotextiles are seldom available in literature. Balan

[8] reported that degradation of coir geotextiles was at a

faster rate in sand mixed with high organic content when

compared to clay. It was found that coir lost 63 % and

31 % of initial tensile strength in sand and clay respec-

tively after duration of one year. Coir netting, when used
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for slope stabilisation in field lost 78 % of its initial tensile

strength at the end of seven months [9]. 70 % reduction in

tensile strength was observed for coir geotextiles within a

period of seven months, when used in embankment pro-

tection for watershed management [10]. A field study

conducted by Joy et al. [11] reveals that depth of burial has

a significant role in degradation of coir geotextiles. Dura-

bility of jute geotextile, which also is lignocellulosic, in a

compost environment was found to reduce to 72 % after

90 days [12]. Tensile strength of coir fibres derived from

coir geotextile samples which were exposed to natural

rainfall and sunlight in tropical climate of eastern Brazil

were found to lose 77 % of original strength after one year

[13].

Higher order organisms such as termites and silverfish

are also capable of attacking natural fibres [14]. Termites

primarily degrade lignocellulosic fibres by mechanical

chewing. Termite activity depends on various factors such

as food, moisture, temperature and darkness. Subterranean

termites are small ant-like social insects that live in large

colonies consisting of three castes namely, workers, sol-

diers and reproductives. These ground termites prefer moist

and dark environment and are capable of digesting cellu-

lose [15]. Termite resistance for natural geotextiles is

highly recommended as geotextiles buried in shallow

depths under the ground are mostly subjected to dampness.

Biological degradation of natural fibres takes place due

to the presence of free hydroxyl groups in cellulose. In

moist environment, the hydrogen bonding capacity of

cellulose attracts water, providing access to biological

agents. Modification of lignocellulosic fibres for enhanced

hydrophobicity and mechanical properties is achieved

through blocking of hydroxyl groups and is universally

exercised using chemical treatments. Esterification, trans-

esterification, etherification, silane treatment and grafting

have been well recognised as successful chemical modifi-

cation techniques. Termite control for cellulosic materials

is generally practised using chemical insecticides such as

acetic anhydride [16], chlorpyrifos [17] and furfuryl alco-

hol [18]. These chemicals are considered to be hazardous

and possibly generate toxic leachates. Plant-derived natural

products for termite control have the potential to inhibit

termite attack [19]. However, details of study on degra-

dation of natural geotextiles due to termites are not

reported.

Therefore, in the present work, detailed study on the

effect of Cashew nut shell liquid (CNSL), a natural

fungicide and termicide, on biological degradation of coir

geotextiles is conducted. CNSL is a dark brown viscous

liquid obtained from the soft honeycomb structure of

cashew nut shell, containing cardanol and cardol as main

constituents. Solubility of CNSL in most of the common

solvents makes it an ideal option for surface coating of

cellulosic and non cellulosic materials [20]. CNSL based

surface coatings possess water repellence, antimicrobial

property and resistance to termite and insect attack. CNSL

polymerised with acid oxidisers such as HNO3 has been

proved to be excellent for water resistant surface coatings

[21]. Polymerised CNSL can modify fibre surface by

forming hydrophobic, degradation-resistant coating [22].

Application of CNSL in combination with copper sulphate

could extend the life of coconut thatch to 4 years [23].

CNSL based formulations have proved to impart protection

against wood eating termites and fungi [24]. In a laboratory

study, coir fibres coated with 20 % CNSL was found to

develop 95 % inhibition against Aspergillus niger [25].

Experimental data on the study on degradation behaviour

of unmodified and CNSL-modified coir geotextiles influ-

enced by microbiological and termite attack under labo-

ratory and field conditions are reported in this paper.

Materials

Coir geotextiles of type simple weave panama were pro-

cured from Charangattu coir manufacturing Co. (P) Ltd.,

India. Technical CNSL prepared by decarboxylation pro-

cess, having viscosity 0.117 Pa-s (at 27.8 �C) and specific

gravity 0.96 was procured from Vijayalaxmi Cashew

Company, India. Laboratory grade chemicals, copper sul-

phate crystals (assay 88.5 %, Spectrum Reagents and

Chemicals Pvt. Ltd., India) and nitric acid (assay 70 %,

NICE Chemicals, India) and locally available kerosene

were used in the study. Live cultures of Curvularia lunata

(NFCCI 1030), Aspergillus fumigatus (NFCCI 665) and

Penicillium rubrum (NFCCI 205) were procured from

National Fungal Culture Collection of India and freeze

dried culture of Chaetomium indicum (MTCC 2201) from

Microbial Type Culture Collection and Gene Bank, India.

Fungal strains were sub cultured in bacteriological grade

potato dextrose agar (HiMedia) and stored at 4 �C.

Methods

Surface Modification

Coir geotextiles were cleaned in alkaline water (pH 7.5) and

rinsed in water (pH 7 ± 0.5) to ensure proper binding of

coating with the geotextiles. The samples were pretreated

with 1 % copper sulphate solution and dried at 70 �C. Based

on the findings of a similar study on coir fibres [25], pre-

treated geotextile samples were coated with CNSL with

kerosene as solvent and nitric acid (1 % by weight of CNSL)

as precursor andwere cured in sunlight. Unmodified samples

were taken as control. Two different concentrations of CNSL
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(20 and 40 %) were experimented to study the effect of

concentration of CNSL on biological resistance properties of

coir. Unmodified geotextiles, geotextiles modified with

20 % CNSL and those modified with 40 % CNSL (Fig. 1)

were named as UM, C20 and C40 respectively.

Microbial Degradation: Mixed Culture Method

Mixed culture method as per IS 1623 [26] is recommended

to evaluate the resistance of modified and unmodified jute

geotextiles to the attack of micro-organisms. This method

is based on subjecting jute fabrics to a mixture of selected

fungal spores capable of degrading it. Owing to lignocel-

lulosic nature of coir, the same species of fungi were

adopted for this study also. A mixed spore suspension was

prepared in potato dextrose media using four fungal strains,

Chaetomium indicum, Curvularia lunata, Aspergillus

fumigatus and Penicillium rubrum. Sterilized coir geotex-

tile samples of size 5 cm 9 5 cm were wetted using sterile

water and were placed on petri dishes containing potato

dextrose agar. Large size samples were avoided in order to

ensure proper closure of petri dish assembly and to prevent

contamination. The samples were inoculated by spreading

1.5 ml of mixed spore suspension on the middle portion.

Petri dish assemblies containing modified and unmodified

samples were kept in incubator for 60 days at 30 ± 1 �C.

Microbial growth coverage on all incubated samples was

rated as per microbial growth table mentioned in ASTM

G160-12 [27]. The samples were cleaned and subjected to

methanol fumes prior to drying in order to carry out SEM

analysis and for determination of weight loss.

Microbial Degradation: Soil Burial Method

Degradation of coir geotextiles was studied by conducting

soil burial test as per IS 1623 [26]. In this method, the geo-

textiles were brought in contact with a prepared- soil

environment comprising of a variety micro-organisms,

normally found in soil. The test soil was prepared by mixing

garden soil, cow dung and sand in the ratio 2:1:1. Homoge-

neous mixing was ensured and moisture content of the test

soil was adjusted to 27 %. Tests were conducted on

unmodified and modified samples. A thin layer of test soil

was spread on geotextile samples and the samples were

rolled into cylindrical shape, with thin layer of test soil inside

them as shown in Fig. 2. Each cylinderwas placed separately

in a container such that the all sides of the samples were in

contact with the test soil. The remaining test soil was filled

into each container to cover the sides and top of the container

so as to form contact layers of 5–6 cmon all sides. Thewhole

assembly was placed inside a humidity chamber maintained

at a temperature of 30 ± 1 �C and a relative humidity of

85 ± 3 %. Considering the slow degradation rate of coir, a

total incubation period of 240 days was taken for study

although duration of only 21 days is suggested in IS 1623

[26]. A similar method suggested in ASTM G160-12 [27]

recommends minimum exposure duration of 60 days. Geo-

textile samples were exhumed at the end of every 30 days

and were washed under running water and dried until con-

stant weights were attained. The samples were sterilized

using methanol fumes prior to morphological observation,

determination of wide width tensile strength andweight loss.

Subterranean Termite Field Test

Field studies were carried out to investigate the resistance

of coir geotextiles to termite attack as per IS 4833 [28]. As

large size samples could not be buried inside the termite

mounds due to space constrains, 5 cm 9 25 cm samples

were buried at an approximate depth of 30 cm and strip

tensile tests were conducted. The colonies inside mounds

consisted of termites of typical caste system, namely

workers, soldiers and reproductives [29]. Samples were

sterilized and wetted using sterile water prior to burial. The

Fig. 1 Photographs of geotextiles a unmodified (UM) b modified with 20 % CNSL (C20) c modified with 40 % CNSL (C40)
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burial site was clearly demarcated and left undisturbed.

Termites usually feed on cellulose that is easy to attack.

Considering the slow degradation rate of coir, observations

were carried out for 240 days. The study was carried out

during June 2015 to December 2015. The burial site was

subjected to heavy rains during the initial period, followed

by occasional showers in the later stages of study. At the

end of every week, the mounds were examined to ensure

the survival of termites. Samples were taken out and

cleaned at the end of every 30 days for visual observation

and determination of tensile strength and weight loss.

Testing and Characterisation

Pullout Behaviour

Pullout test was conducted on unmodified and modified

geotextiles to study the frictional resistance of modified coir.

The test was conducted as per ASTMD6706 – 01 [30]. The

pullout apparatus consisted of a box 610 mm long, 450 mm

wide and 305 mm deep with a slot at mid-height to accom-

modate geotextile sample. Arrangements were provided for

the application of normal load and pullout force. The test was

conducted under three normal pressures 3, 4 and 5 kPa.

Pullout displacement was measured using two dial gauges

for accuracy. Ratio of length of embedment to width for all

samples was fixed as 2. Sand was filled in layers of 50 mm

thickness by sand raining method. Pullout force was pro-

vided at a constant rate and corresponding displacements

were recorded until the failure of sample.

Weight Loss

Weight loss is considered as a major aspect in degradation

studies. For soil burial studies, perfect cleaning of coir

samples exhumed from soil cannot be always ensured.

Entrapment of fine soil particles and micro-organisms

within the interlacing fibres even after cleaning may give

rise to errors in determination of weight [31]. Hence, care

was taken to exhume samples without physical damage and

to ensure proper cleaning. Geotextile samples were gently

cleaned in running water and dried under the sun. After

48 h of drying, weights were checked in an interval of

every 2 h until constant weights were attained. Weights of

geotextiles were determined before and after degradation.

Weight loss was expressed as a percentage of initial dry

weight.

Tensile Strength

Tensile strength of coir geotextiles was determined in

Universal Testing Machine for coir geotextiles and yarn

(Model: A.S.I., New Delhi, India, Capacity 50 kN) as per

IS 13162 Part 5 [32]. Wide width tensile strength test was

carried out on geotextile samples having dimensions

200 mm 9 200 mm. Samples were tested in warp direc-

tion at a constant rate of traverse of 20 ± 5 mm/min.

Gauge length was taken as 100 mm. Strip tensile strength

test was carried out on 5 mm wide geotextile samples in

warp direction as per IS 1969 Part 1 [33]. Gauge length was

fixed as 200 mm. Peak load was noted in both cases.

Surface Morphology

Surface morphology of coir samples before and after

degradation was studied using scanning electron micro-

scope (JOEL JSM-5600, Japan). Coir fibres were taken out

from coir geotextile samples and cleaned by ultrasonication

in distilled water in bath ultrasonicator (Bandelin Sonorex,

Germany). Three cycles of ultrasonication of duration

3 min each were carried out to ensure proper cleaning.

These fibres were dried under vacuum and 2–3 mm long

portions were cut and were sputter coated with a thin layer

of gold prior to examination. Observations were made at an

accelerating voltage of 15 V.

Results and Discussion

Pullout Behaviour

The studies on pullout behaviour of geotextiles proved that

frictional properties of geotextiles improved significantly

upon modification. Pullout resistance and pullout dis-

placement showed a decreasing trend with increase in

normal loads under three different conditions of normal

pressure. Similar observations were recorded by Subaida

et al. [34] while conducting pullout tests on various types

Fig. 2 Photograph of sample prepared for soil burial study
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of woven coir geotextiles. A maximum increase in pullout

resistance of 43 and 45 % were recorded for C20 and C40

samples respectively when compared to unmodified sam-

ples. The variation of pullout resistance with pullout force

at a normal pressure of 5 kPa is shown in Fig. 3.

Microbial Degradation: Mixed Culture Method

The fungal growth on geotextiles was evaluated periodi-

cally and growth coverage at the end of 30 days is shown

in Fig. 4. Trace growth of micro-organisms was visible on

unmodified samples since the 4th day of incubation itself.

Fungal growth started developing at a very slow rate on

coated geotextile samples after 20 days of incubation and

stagnant phase was achieved in 44 days. This can be

attributed to nutrient depletion within the media and

reduction in moisture content in geotextile samples. Even

though fungal growth on all samples started to sporulate

within 45 days, observations were continued up to 60 days.

Modified geotextile samples were found to impart

remarkable resistance in terms of microbial attack and

weight loss when compared with unmodified sample

(Table 1). Higher weight loss (26 %) and heavy coverage

of fungal growth on unmodified coir ascertains this result.

Agar diffusion test conducted by Thilagavathi and Rajen-

drakumar [35] reveals that cotton fabrics coated with

antimicrobial herbs exhibited large zones of inhibition

when compared to unmodified fabric.

Microbial Degradation: Soil Burial Method

Wide width tensile strength of geotextiles upon modifica-

tion increased by 22 % for C20 and C40 samples. Geo-

textiles buried in soil were exhumed at the end of every

30 days and were cleaned and tested for tensile strength.

Rate of degradation of unmodified samples was found to be

fast when compared to modified samples. Tensile strength

of unmodified samples reduced to 19 % while modified

geotextiles retained up to 76 % of its initial tensile strength

at the end of 240 days. Figure 5a illustrates reduction in

wide width tensile strength with time. Under similar con-

ditions of exposure, Saha et al. [12] observed that

unmodified jute geotextiles were completely damaged

beyond 90 days of soil burial while transesterified jute

geotextiles were found to retain 37 % of the initial narrow

strip tensile strength of at the end of 200 days. Higher

weight loss (Fig. 5b) accounts for reduced tensile strength

of unmodified geotextiles. All observations from SEM

images also agree with this result.

Subterranean Termite Field Test

Termite mortality remained almost unaffected in all the

mounds during the period of study. Survival of termites in

mounds indicates that the modification composition did not

possess fast-acting toxicity. At the end of 30 days, no

visible effects of termite attack were visible on all three

sets of samples. At the end of 60 days, unmodified samples

were found to be faintly torn while modified samples

remained intact. Unmodified samples exhumed at the end

of 120 days were completely degraded and weight loss

could not be determined. Although modified geotextile

samples were found to be undamaged in visual observa-

tions, weight loss up to 17 % was observed at the end of

240 days. Corresponding reduction in strip tensile strength

was found to be 21.5 % for C20 and 20 % for C40. Per-

centage reduction in tensile strength and weight loss of

geotextiles during the test period are illustrated in Fig. 6a,

b respectively.

Imamura and Nishimoto [16] reported that enhanced

hydrophobicity of lignocellulosic materials can check

dimensional increase and make it hard even in presence of

moisture, making it unpalatable to termites. Modified

geotextiles, being hydrophobic, might have become hard

and have caused mechanical chewing difficult for termites,

thereby leading termites to abandon modified geotextiles

and seek alternate food sources in the field. Since geotex-

tiles were buried in termite mounds in natural field con-

ditions, degradation can be probably due to the combined

effect of termites and soil micro-organisms. However, no

fungal colony growths were visible on the surface of

geotextile samples.Fig. 3 Pullout resistance of geotextiles at 5 kPa
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Degradation studies conducted in laboratory and field

indicated that modified geotextiles were more resistant to

degradation in termsof tensile strength andweight loss. Itwas

observed that geotextiles modified with 20 and 40 % CNSL

concentrations resulted in similar behaviour of resistance

towards microbial and termite attack and hence modification

with 20 %CNSL can be considered optimum. Although C20

andC40 samples exhibited similar trend of weight loss in soil

burial test and subterranean termite field test, both the sam-

ples suffered relatively lesser reduction in tensile strength

after termite attack. Visual observations revealed that weight

loss ofmodified geotextiles subjected to subterranean termite

field study mainly resulted from termite action on hairy

projections of coir yarns whereas during soil burial, entire

fabric surface was subjected to microbial attack.

Surface Morphology

Uncoated fibre exhibited vide variation in dimension with

approximate diameter ranging from 85 to 103 lm. The

Fig. 4 Photographs of geotextiles a UM b C20 and c C40 subjected to mixed spore study after 30 days

Table 1 Observed fungal growth and weight loss in coir geotextile

samples after 60 days of incubation

Sample Observed fungal growth Weight loss (%)

after 60 days
30 days 60 days

UM Moderate Heavy 26.22

C20 Trace Trace 7.03

C40 Trace Trace 6.54

Fig. 5 a Tensile strength reduction with time b weight loss with time—soil burial studies
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fibre surface was rough, uneven and highly porous with

pore size in range 3–5 lm, with minute thickenings

embedded at regular intervals. Similar surface morphology

was reported in other works also [36–38]. SEM micro-

graphs of unmodified and modified coir fibre samples

(C40) before and after biological degradation are shown in

Fig. 7a–d. The closure of surface micropores present on the

unmodified coir surface was evident on the surface of

modified fibre. Rahman and Khan [38] and Saha et al. [39]

have also reported smoothening of lignocellulosic fibre

surfaces upon surface modification.

Unmodified geotextile samples exhibited highest water

uptake and lowest tensile strength with passage of time.

SEM images showed that on exposure to microbial

inoculum, soil burial and termite attack, these samples

exhibited rougher surfaces with pores of larger dimensions

and channels when compared to modified samples. Similar

results were reported by other researchers after soil burial

studies. di Franco et al. [31] reported that enlarged cavities

on surface of sisal fibres promoted entry of water, thus

leading to microbial degradation. Balan [8] reported that

diameter of coir fibre shrunk after one year of embedment

in soil and fibre became brittle. In a soil digging test

conducted on cotton fabrics, unmodified samples displayed

structural damage in scanning electron micrographs

whereas neem-treated fabrics demonstrated considerable

Fig. 6 a Tensile strength reduction with time b weight loss with time—after contact with subterranean termites

Fig. 7 SEM images of unmodified (UM) and modified (C40) geotextile fibres a before degradation b after 60 days of mixed spore culture study

c after 90 days of degradation by subterranean termites d after 240 days of soil burial at magnification 9500
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resistance to degradation after 2 weeks of incubation at

room temperature [35]. In the present study, surface of

modified coir fibres after 240 days of soil burial was found

to be reasonably uniform when compared to unmodified

sample surface. This depicts that the coating composition

has well adhered to the surface of coir and has remarkably

sustained during the period of study. Severe degradation

observed on the surface of unmodified sample can be

attributed to the combined effect of humidity, temperature

and mixed consortium of micro-organisms in the test soil.

It is evident that the surface of coir samples exposed to soil

(subterranean termite test and microbial degradation test)

was subjected to greater extent of damage in comparison

with the samples exposed to a fixed number of micro-or-

ganisms under laboratory conditions. Severe degradation

led to weight loss of fibres, directing to reduction in tensile

strength. The reduced water uptake which resulted in

extended life of C20 and C40 can be attributed to the

penetration of polymerised CNSL into the micropores of

coir surface and the formation of a mechanically inter-

locked coating layer on fibre surface as depicted in SEM

observations.

Conclusions

• Based on the earlier reports, the degradation of natural

fibres including coir fibres is understood to be due to

attack of micro-organisms and other earthy factors like

humidity, temperature, and pH conditions and the

degradation is initiated through the surface pores of the

fibres. Extending life of such geotextiles is through

providing a suitable antibacterial coating which can

close the pores and prevent the entry of moisture into

cell walls.

• Experimental studies under laboratory conditions in

this work indicated that coatings of 20 and 40 %

modified CNSL increased the resistance of coir

geotextiles against a mixed spore suspension of

micro-organisms by more than 70 %.

• Experiments conducted over a period of 240 days

where coir geotextiles were buried in an active

biological media under controlled atmospheric condi-

tions in laboratory proved that modified geotextiles

retained 76 % of its initial wide width tensile strength

in case of surface modification compared to\19 % for

the unmodified counterpart.

• More significantly, geotextiles modified with 20 and

40 % CNSL retained 78 and 80 % of their initial tensile

strength respectively after 240 days of burial in

subterranean termite mounds in field. Unmodified coir

geotextiles were completely damaged at the end of

120 days.

• The role of effective coating on the fibres in geotextile

is clearly evidenced through correlation with mechan-

ical properties and changes in surface morphology.

Electron microscopic observations revealed that

unmodified coir samples developed rougher surfaces

and deeper undulations providing easy pathways for

biological degradation when compared to modified

geotextiles. Surface modification showed closure of

pores clearly delaying the degradation process consid-

erably. This is further reflected with respect to the

resistance towards microbial and termite attack.

• The results of present study conducted in laboratory

and field conditions show that diverse conditions cause

severe degradation of coir geotextiles through multiple

factors emphasising the effectiveness of CNSL based

modified coatings on coir geotextiles against those

without modification.
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